Water samples collected from 28 dental facilities in six U.S. states were examined for the presence of Legionella pneumophila and other Legionella spp. by the PCR-gene probe, fluorescent-antibody microscopic, and viable-plate-count detection methods. The PCR and fluorescent-antibody detection methods, which detect both viable and viable nonculturable Legionella spp., gave higher counts and rates of detection than the plate count method. By the PCR-gene probe detection method, Legionella spp. were detected in 68% of the dental-unit water samples and L. pneumophila was detected in 8%. Concentrations of Legionella spp. in dental-unit water reached 1,000 organisms per ml or more in 36% of the samples, and 19% of the samples were in the category of 10,000/ml or above. L. pneumophila, when present in dental-unit water, never reached concentrations of 1,000/ml or more. Microscopic examination with fluorescent-antibody staining indicated that the contamination was in the dental-unit water lines rather than in the handpieces. Legionella spp. were present in 61% of potable water samples collected for comparative analysis from domestic and institutional faucets and drinking fountains; this percentage was not significantly different from the rate of detection of Legionella spp. in dental-unit water. However, in only 4% of the potable water samples did Legionella spp. reach concentrations of 1,000 organisms per ml, and none was in the 10,000 organisms-per-ml category, and so health-threatening levels of Legionella spp. in potable water were significantly lower than in dental-unit water. L. pneumophila was found in 2% of the potable water samples, but only at the lowest detectable level. The results demonstrate that high concentrations of Legionella spp. frequently develop in dental-unit water lines. They suggest that, although L. pneumophila is not the dominant component in dental-unit water, heavy exposure to species of Legionella should be investigated as a potential health risk for dental personnel and their immunocompromised patients.
Several studies have indicated that dentists and dental staff have higher rates of respiratory infections than the general public (4, 6, 29) . Contaminated handpieces are believed to be at least partially responsible for these higher rates of respiratory disease (15) . Appropriate procedures to decontaminate handpieces, including autoclaving and handpiece replacement between patients, have been developed and implemented in many dental practices (1, 22, 24, 29) . These procedures are aimed at reducing the likelihood of aerosol dissemination of pathogens within dental operatories and the resulting infections. However, decontamination of handpieces such as highspeed drills and syringes does not remove the potential for exposure to pathogens that originate within the water lines of dental units.
It has been suggested that Legionella spp. within dental lines may contribute to respiratory illnesses among dentists and dental staff (24) . Higher rates of seropositivity for Legionella antibodies have been found among dental personnel than among the general public (10, 25, 28) , suggesting that aerosols generated in dental operatories are a source of exposure to Legionella spp. Water-cooled, high-speed handpieces generate stable aerosols that may contain Legionella spp. (1) . The complex design of dental-chair equipment results in the stagnation of water within the water lines, where bacteria, including Legionella spp., can proliferate within a biofilm (22) .
Legionella pneumophila and other Legionella spp. have occasionally been isolated from dental operatories (23, 27) . Legionella spp., however, often are difficult to isolate because of overgrowth by other microorganisms and because Legionella spp. often are found within protozoa; detection of Legionella spp. by viable-culture methods frequently gives variable results even from sources believed to be responsible for disease outbreaks (19) . Therefore, direct fluorescent-antibody detection and PCR detection of Legionella spp. have been recommended for epidemiological investigations (19) ; these approaches proved valuable, for example, when standard culture techniques were unsuccessful in tracking the source of a 1992 outbreak of Pontiac fever in the United States to a resort hot tub (19) .
In the present study, we determined the prevalence of L. pneumophila and other Legionella spp. in dental-unit water samples compared with that in potable water samples, using a detection system based upon the PCR-gene probe detection procedure described by Mahbubani et al. (14) . We also used direct fluorescence microscopy to confirm the presence of Legionella spp. The PCR method detects all viable cells of the genus Legionella, including viable nonculturable organisms that are not detected by conventional selective cultivation. It also identifies the presence of L. pneumophila and permits a semiquantitative evaluation of the intensity of contamination.
MATERIALS AND METHODS

Samples.
A total of 265 dental-unit water samples were collected from 28 dental facilities in California, Massachusetts, Michigan, Minnesota, Oregon, and Washington. Included in the study were eight institutional clinics and 20 private practices. Samples included water from high-speed drill handpiece lines, dentalsyringe lines, and scaler lines. For comparison, 126 potable water specimens were also collected through convenience sampling of domestic and institutional facilities and water fountains readily accessible to the participants in Kentucky, Michigan, and California. Generally, 50-to 100-ml water samples were collected in sterile containers and shipped on ice to the laboratories in Louisville, Ky., or East Lansing, Mich. Locally collected specimens were brought directly to the laboratory and stored on ice before processing.
Additional samples were collected from the home and office of a dentist who died of legionellosis. A formalin-preserved portion of lung tissue collected on autopsy from the deceased dentist was also analyzed.
PCR detection of Legionella spp. Each water sample was filtered through a Durapore filter to trap bacterial cells. The trapped bacteria were lysed either by boiling in Chelex resin or by treatment with EnviroAmp lysing reagent (PerkinElmer-Roche Molecular Systems, Nutley, N.J.). An aliquot of the sample was transferred to a reaction vessel for amplification of the diagnostic gene sequences. The EnviroAmp detection kit was used for PCR amplification and gene probe detection. The kit includes PCR buffer, Taq DNA polymerase, and biotinylated primers for amplification of a genus-specific region of the Legionella 5S rRNA gene and of the L. pneumophila mip gene. Perkin-Elmer Cetus (Norwalk, Conn.) or Quarterbath (Inotech Biosystems, Inc., Lansing, Mich.) thermal cyclers were used for amplification with a 30-cycle program of 0.5 min at 95ЊC for denaturation and 1 min at 63ЊC for primer annealing and DNA extension.
The PCR-amplified 5S rRNA and mip DNA sequences were detected by reverse dot blot strip analysis with an immobilized probe. Specific probes complementary to internal sequences of the amplified regions are immobilized on nylon membrane strips in the detection kit. Biotinylated PCR products generated by amplification with biotinylated primers are specifically hybridized to the immobilized probes. After stringent washing of the strips, the presence of hybridized biotinylated PCR products is detected by incubating the strips with a streptavidin-horseradish peroxidase conjugate, washing them, and adding to them the substrate for horseradish peroxidase. A blue dot appearing on the nylon membrane indicates the presence of bound PCR product. The entire PCR detection process, including sample processing, DNA amplification, and hybridization detection, takes about 3 h.
An internal positive control (IPC) is included as a means for detecting poor amplification or hybridization. The IPC is a synthetic DNA sequence that is coamplified by the primers for the mip gene, and its template is included in the Legionella PCR mixture. When the IPC failed to yield the positive blue dot indicating poor amplification, such as may be caused by the presence of inhibitors of PCR in the environmental specimen, the sample was diluted and the PCR DNA amplification was repeated.
An internal negative control is also included as a means of ensuring appropriate hybridization stringency. The positive control probe is perfectly complementary to a sequence in the IPC amplification product. The negative control probe has a 1-bp mismatch with this sequence. When the hybridization reactions are done correctly, the PCR product generated from amplification of the IPC will hybridize with the positive control probe but not with the negative control probe. The hybridization conditions have been optimized in this system to be stringent enough to allow detection of a 1-bp mismatch between the probe and a PCR product. The positive control also provides a semiquantitative basis for estimating the number of Legionella cells in the sample. The IPC corresponds to 1,000 copies of the mip gene sequence, and thus the intensity of the sample hybridization signal can be graded on a scale to determine the relative number of Legionella cells.
Fluorescent-antibody detection of Legionella spp. Seventy samples (30 from dental offices and 40 from domestic potable waters) that were tested by PCR were also examined for the presence of Legionella spp. by fluorescent-antibody staining. For fluorescent-antibody staining, 10-ml water samples were filtered through 0.2-m-pore-size black Nuclepore filters. Five milliliters of 0.05% formalin was passed through the filters to fix and preserve the cells. Cells collected on replicate filters were examined by epifluorescence microscopy after indirect polyclonal fluorescent-antibody staining for Legionella spp. with a commercial kit (Merifluor-Meridian Diagnostics) and monovalent fluorescent-antibody staining for specific Legionella spp. with a commercial kit (Mardx Diagnostics, Carlsbad, Calif.). Also, formalin-preserved lung tissue from a California dentist who died of Legionnaires' disease was examined by fluorescence-antibody staining. The flexible dental-unit water lines from this dentist's operatory also were sectioned, and the biofilms were stained with fluorescent antibody to detect the presence of Legionella spp.
Viable-plate-count detection of Legionella spp. The same 70 water samples examined by fluorescent-antibody testing were also tested by viable-plate-count methods for the detection of Legionella spp. For viable-culture detection, 100-ml water samples were concentrated on 0.2-m-pore-size polycarbonate filters. The cells were resuspended in 10 ml of the original sample; 1 ml of the suspension was treated with HCl for 15 min, neutralized with KOH, and plated on buffered charcoal-yeast extract-␣ medium by following the procedure recommended by the Centers for Disease Control and Prevention for the detection of viable Legionella spp. in potable waters (5) . The plates were incubated at 35ЊC for up to 7 days, and colonies typical of Legionella spp. were counted.
RESULTS
Legionella spp. were detected by the PCR amplification-DNA gene probe method in 68% of the dental-unit water samples ( Fig. 1) , and L. pneumophila was detected in 8%. Of the 207 dental-unit water samples from California, Michigan, Oregon, and Washington, 18% contained concentrations of Legionella spp. of 1,000 to 10,000 organisms per ml, whereas of 122 domestic potable water samples from California, Kentucky, and Michigan, only 4% contained concentrations of Legionella spp. of 1,000 to 10,000 organisms per ml (Table 1) . Sixty-one percent of domestic potable water samples had detectable levels of Legionella spp. (Fig. 1 ), but only 2% of domestic potable water samples tested positive for L. pneumophila. Moreover, only 4% of the 126 domestic potable water specimens had 1,000 or more Legionella organisms per ml. L. pneumophila, when present, was in the range of the lowest detectable concentrations. None of the domestic potable water samples contained concentrations of Legionella spp. of Ն10,000 organisms per ml; however, 19% of the dental-unit waters examined were in the category of Ն10,000 organisms per ml. None of the domestic potable water or dental-office water samples had concentrations of L. pneumophila of Ն1,000 organisms per ml. Overall, Legionella-positive samples were detected in collections from seven of eight institutional dental clinics and 16 of 20 private dental offices. L. pneumophilapositive samples came from four institutions and seven private offices.
The percentage of samples positive for Legionella spp. at different dental sites was highly variable (Table 2 ). For example, of 10 locations around Seattle, Wash., and Portland, Oreg., 8 provided Legionella-positive dental-unit water samples, with 4 of these sites showing evidence of L. pneumophila ( Table 2) . The proportion of Legionella-positive samples at each site ranged from 0 to 100%. None of 40 samples from two large teaching institutions was positive for L. pneumophila, whereas 8 of 19 from another school were positive, several at high levels (Ն1,000 organisms per ml). There was no significant difference in the rates of detection of Legionella spp. in water samples collected from various dental instruments (determined for the first 100 samples collected in this study), as detected by the PCR amplificationgene probe method, which is consistent with the theory suggesting dental-unit water lines as the source of Legionella contamination (Table 3 ). Approximately two-thirds of all the specimens collected came from dental air or water syringe lines, with most of the remainder collected from high-speed handpiece lines. Thirty samples from scalers were processed. The samples from lines to high-speed dental handpieces were positive only slightly less frequently than those from lines to syringes (rates of positivity for both, Ͼ50%). Although the number of scaler line samples was much lower, the positivity rate was disproportionately high (85%).
Microscopic observation of both potable and dental-unit waters by direct epifluorescent microscopy revealed numbers of Legionella spp. in the same range as those estimated by PCR (Fig. 2) . The direct counts were somewhat higher than the estimations by PCR, indicating that (i) there may have been some antibody cross-reactivity with non-Legionella spp., (ii) the fluorescent-antibody counts may have included some dead bacteria not detected by PCR, or (iii) the PCR may have slightly underestimated the numbers of Legionella spp. The viable plate counts were lower than the numbers estimated by PCR detection and the direct counts of fluorescent-antibody-stained samples. (Note that the higher percentage of samples with fewer than 10 cells of Legionella spp. detected by viable counting, as shown in Fig. 2 , reflects the fact that a lower percentage of samples with higher numbers of Legionella organisms was detected by this method than by the other detection methods.) In several cases the plate count procedure failed to detect any Legionella spp., even when the PCR and fluorescent-antibody procedures detected high concentrations (Ͼ1,000 organisms per ml) of Legionella spp. Both PCR and direct fluorescent counts can detect viable nonculturable bacteria which are not counted by plating procedures. Legionella spp. commonly form such viable nonculturable cells (11) , and it is likely that they contributed to the difference between plate count results and those of PCR and fluorescent-antibody detection. Also, plate counts of Legionella spp. often underestimate the presence of Legionella spp. in water samples because of interference by other heterotrophic bacteria or because the Legionella spp. are within protozoa. Many of the Legionella spp. observed by fluorescence microscopy appeared to be within or on the surfaces of protozoa in the biofilm lining the flexible thin lines used in the dental-unit water systems. (In such cases, the protozoa fluoresced slightly and the legionellae were in clusters and fluoresced brightly.) No special plating procedures were used in this study to recover viable Legionella spp. from protozoa.
With regard to the water samples obtained from the dental operatory of the California dentist who died of pneumonic legionellosis, high levels of Legionella spp. (Ͼ10,000 organisms per ml) were detected by both PCR and fluorescent-antibody methods; only low levels (1 to 100 organisms per ml) were detected by viable-count procedures. Only low levels (Ͻ100 organisms per ml) of Legionella spp. were detected in potable water samples from his home by all three detection procedures. Monovalent fluorescent-antibody staining showed the presence of L. dumoffii, L. pneumophila, and L. longbeachae in both the formalin-preserved lung tissue obtained on the dentist's autopsy and the water samples from his dental operatory. L. pneumophila serogroup 1 (SG1) was present in only very low numbers in both the lung tissue and water samples. L. longbeachae was the dominant fluorescing Legionella sp. in the lung tissue, although it had not been cultured from the patient prior to his death; it was not the dominant Legionella sp. in the water samples from his dental operatory. L. dumoffii was identified in both the lung tissue and the water samples by the same mono- valent fluorescent-antibody staining procedure as had been used by the clinical laboratory to identify the culture obtained from the patient prior to his death. L. dumoffii organisms were especially abundant within protozoa in the biofilms of the dental-unit water lines of his dental operatory.
DISCUSSION
Legionella species are ubiquitous in aquatic environments, including cooling towers and potable water supplies (7, 9, 30) . Legionella species are causative agents of Legionella pneumonia (Legionnaires' disease) and nonpneumonic legionellosis (Pontiac fever) (17, 32) . Infection most often is initiated through inhalation by susceptible individuals of aerosols containing high levels of Legionella spp. (7, 9, 30) ; exposure to low numbers of Legionella organisms generally is not viewed as a health risk for immunocompetent individuals (32) . From the first clinically recognized outbreak of Legionnaires' disease in Philadelphia in 1976, air-conditioning cooling towers have been implicated most often as the source of infection (7, 17) . Cooling towers are monitored and biocides are added to reduce levels of Legionella species (20) . While air-conditioning cooling towers have been considered the likeliest sources of heavy exposure, potable water supplies, hospital showerheads, and even vegetable moisturizers in produce markets have been implicated in some outbreaks of disease due to infections with Legionella spp. (2, 7, 12, 30, 32) .
Dental-unit water is a potential source of exposure to Legionella species, especially since dental instruments form aerosols (31) . A longitudinal study that examined 20 dental offices with 53 units for hygiene-related problems in dental practices in Dresden, Germany, found that viable (culturable) Legionella species could only sporadically be detected; only 40% of the dental-unit and potable water samples examined yielded culturable Legionella spp. (3) . A separate examination of 42 dental units in 35 dental practices in Germany found L. pneumophila SG1 in only 9% of the dental units examined (27) . While culturable Legionella spp. were only sporadically detected, serological surveillance of a dental staff and a control group in Dresden, Germany, showed an elevated level of anti-L. pneumophila SG6 antibodies among dentists (13) , particularly among those working in dental operatories where L. pneumophila SG6 was isolated, suggesting that the dental-unit water aerosols were the source of exposure.
Similarly, examination of serum samples from 107 dentists, dental assistants, and dental technicians in Austria by an indirect immunofluorescence test for antibodies to L. pneumophila
. jordanis, and L. longbeachae SG1 and SG2 revealed a significantly higher rate of seropositivity to Legionella antigens than occurs in the general population (28) . There was a strong correlation between Legionella-seropositive individuals and the extent to which those individuals were exposed to aerosols from high-speed drills and dental syringes. Thirty-four percent (36 employees from 13 dental practices) of the sample group showed a positive reaction for antibodies to L. pneumophila, compared with only 5% testing positive in a control group of nonmedical workers. Of the 36 positive serum samples, 13 (36%) reacted with SG6, 12 (33%) with SG1, 12 (33%) with SG5, and 3 (8%) with SG4; 8 samples were positive for antibodies to other Legionella species. Among the sample population, dentists had the highest prevalence (50%) of L. pneumophila antibodies, followed by dental assistants (38%) and technicians (20%). In an analogous study in the United States, 20% of the students and employees at a dental clinic in West Virginia were seropositive for Legionella antibodies (10).
These results suggest that dental personnel are at an increased risk of Legionella exposure and suggest that the water lines of the dental practice are the likely source.
Our findings, obtained by PCR detection to estimate concentrations of Legionella spp. (14) , indicate that high levels of Legionella contamination of water may be encountered in dental operatories. The actual concentration of Legionella spp., however, varied from one dental operatory to another. Similarly, the rates of isolation of Legionella spp. and L. pneumophila serotypes in dental-unit water samples studied at the London University Clinic were quite variable (23) , suggesting that the microbial ecological conditions in dental lines may fluctuate and affect Legionella populations.
Compared with contamination of domestic potable waters, the extent of the Legionella contamination of dental-unit water samples was much higher. Our results point to aerosols generated from water within dental operatories as the source of exposure responsible for the elevated seropositivity reported for dental staff both in Europe (28) and in the United States (10). The levels found in dental-unit water were higher than have been recorded previously; this may be a reflection of the performance characteristics of the PCR-DNA detection system relative to those of conventional cultivation procedures (14, 30) . Given the greater sensitivity of the PCR-DNA probe detection method (14) , it appears that low counts (in the Ͻ10,000/ml range) may prove clinically significant only for individuals whose exposure to the aerosol occurs over prolonged periods, for example, for dental office personnel or immunocompromised individuals.
The higher concentrations of Legionella spp. detected by PCR than by viable-plate-count methods also raise the question as to whether nonviable Legionella spp. that have no clinical significance are detected by the PCR method. Relatively short amplicons, as in the EnviroAmp detection system, can be used to detect nonviable Legionella spp. (16) . Detection of Legionella spp. by direct fluorescent-antibody detection gave results similar to those by PCR detection; both methods gave results that were higher than those obtained by viable-culture methods, and both could detect nonviable rather than exclusively viable Legionella spp. The viable-culture methods for Legionella sp. detection, however, often fail, and the Centers for Disease Control and Prevention has turned to PCR for epidemiological investigations of Legionnaires' disease and Pontiac fever (19) . Furthermore, viable nonculturable Legionella spp. have been shown to be capable of causing pneumonic legionellosis (6); exposure to high concentrations of viable nonculturable Legionella spp. may also be an important cause of Pontiac fever (19) .
The high prevalence of heavy contamination with Legionella spp. in dental-unit water samples may be a reflection of the rich microbial biofilms commonly present along the length of the fine-bore dental water hoses (31) . In the survey of Legionella spp. in dental operatories in Britain (23) , Legionella organisms appeared to be growing within biofilm in the dental-unit water supply. No variability among Legionella spp. isolated from dental units in Germany over a 3-year period was found by using monoclonal antibodies or pulsed-field gel electrophoresis analysis, suggesting that stable populations of Legionella spp. can be maintained within biofilms in the water lines of the dental units (13) . Legionella spp. often are found within protozoa in biofilms. Almost all samples in a survey of protozoal infections in dental-unit water in Germany (18) contained Naegleria spp. or other amebae which might serve as host cells for intracellular proliferation of Legionella spp.; amebae have also been seen frequently in dental-unit biofilms in the United States (31) . Virtually all dental-unit water samples examined in our In view of the extent of exposure of patients and staff to this source of Legionella organisms, it is surprising that no definitive clinical associations have thus far emerged. There were no related cases of human infection detected in two studies at dental institutions in Britain where Legionella spp. were isolated from dental-unit water (21, 23) . There may be several reasons for the lack of association of dental-unit waters and occurrences of Legionnaires' disease. The sources of most cases of community-acquired pneumonic legionellosis are never identified (30) , so the potential implication of dental exposure may represent a hitherto-unrecognized element of the medical history of a proportion of current clinical cases. Nonpneumonic legionellosis of the Pontiac fever type may occur in dental personnel or their patients and cause seroconversion but may be indistinguishable clinically from other flulike episodes experienced by the general population. Legionella spp. vary with regard to their virulence; even though 18 of the 30 species of Legionella have been implicated in human disease (8) , the Centers for Disease Control and Prevention estimates that L. pneumophila, which has a macrophage infectivity potentiator that contributes to its virulence, is the causative agent for 85% of all cases of Legionella pneumonia in the United States (26) . On the basis of guinea pig infectivity studies, it has been suggested that the strains commonly present in dentalunit water may have limited invasive capacity (13) . Most Legionella spp. detected in our study were not serogroups of L. pneumophila, which would be expected to be less virulent than L. pneumophila (32) because they lack the macrophage infectivity potentiator gene of L. pneumophila which is involved in cell invasion and subsequent intracellular growth. While L. pneumophila was present at a higher rate than in potable water supplies, concentrations of L. pneumophila generally were much lower than those of the predominant Legionella spp. and L. pneumophila was detected at levels below those normally considered to present a health risk for immunocompetent individuals.
We have been investigating the death of a California dentist from legionellosis (unpublished data). In his case a culture was obtained and identified with monovalent antibodies as L. dumoffii. Subsequent to the dentist's death, we examined water samples from his dental operatory and home for Legionella spp. by the PCR assay and found high levels (Ͼ10,000 organisms per ml) in the dental units and low levels (Ͻ100 organisms per ml) in his domestic water. Using polyvalent anti-Legionella sp. fluorescent antibodies, we also confirmed the presence of high levels of Legionella spp. in dental-unit water samples from his operatory. We further detected cells that stained with monovalent anti-L. dumoffii fluorescent antibodies in those water lines and in the formalin-preserved lung tissue collected during the autopsy of the dentist; the lung tissue also contained L. pneumophila and L. longbeachae, which were also found in water samples from his dental operatory. In the absence of cultivation and species identification it is difficult to ascribe the case described here definitively to dental-unit water line exposure to Legionella species. Nevertheless, in view of the high levels of Legionella spp. in the dental-unit water lines of the deceased dentist's operatory, it is likely that aerosols from those dental units were the source of the fatal Legionella infection.
Regardless of the lack of specific clinical association, exploration of possible preventive measures against Legionella spp. and other opportunistic waterborne pathogens (31) in the dental health care setting would be prudent. Preventive strategies increasingly adopted by hospitals faced with nosocomial legionellosis outbreaks have ranged from chemical disinfection to steam sterilization to rid water lines of contaminating biofilm. Hyperchlorination and charcoal filtration have been shown to be ineffective in controlling Legionella sp. contamination of dental lines (23) , but the application of other measures based on microfiltration or other germicidal flushes would clearly be appropriate.
